Three methods to enumerate Escherichia coli in food were compared. They were based on AOAC methods using lauryl tryptose broth (LST) medium, LST-4-methylumbelliferyl-b-D-glucuronide (MUG) medium, and a proposed method using regular LST in combination with E. coli (EC)-MUG medium. An efficacious and cost-effective method is needed that can detect E. coli and does not produce false presumptive positives. We tested 170 cheeses, 40 frozen processed seafood samples, 210 tree nuts, and 40 other samples. The method of choice for enumerating E. coli depends on the commodity itself. For a product, such as hard cheese or processed seafood, with a history of being negative for E. coli and other lactose-fermenting organisms, the proposed method using regular LST/EC-MUG is a good choice. These samples were seldom presumptive positive in the primary LST medium. If gas was produced, EC-MUG was an effective secondary medium. No false positives (fluorescence) or negatives were detected in EC-MUG medium. For a product with a history of being positive for E. coli and/or other lactose fermenting organisms, such as tree nutmeats or cheeses that are ripened by bacteria or mold, the method using LST-MUG is the method of choice. A presumptive positive in the LST-MUG medium was highly correlative with the biochemical tests that confirmed a sample contain E. coli. For samples spiked with E. coli, the results from each of these 3 methods were identical, and were consistent in enumerating E. coli.
M
any of the conventional methods to detect pathogenic and index organisms in food are often long, tedious, and costly in time and materials. An effective rapid method would increase efficiency and efficacy in detecting these organisms in food products. For much of this last century, Escherichia coli has been used as an indicator of possible human and other animal fecal contamination. Its detection and enumeration are of primary importance for monitoring sanitation and microbial quality of food and water. E. coli is frequently detected and enumerated in food by the most probable number (MPN) technique (1, 2) . Tubes showing gas as a result of lactose fermentation in lauryl tryptose broth (LST) are presumptively positive and must be confirmed; this task often takes more than 10 additional days. Frequently, presumptive positive tubes are actually false positives that require the same lengthy and laborious procedures as a positive sample.
In 1982, Feng and Hartman (3) developed a rapid method to detect and enumerate E. coli based on the enzyme β-glucuronidase (GUD). The substrate 4-methylumbelliferyl-ß-D-glucuronide (MUG) is incorporated into the conventional E. coli medium, LST. In the presence of GUD, from E. coli (or from other bacteria or products), the MUG substrate is cleaved to release 4-methylumbelliferone (MU), which exhibits a bluish florescence when exposed to long wavelength (366 nm) UV light (4) .
The β-glucuronidase reaction is relatively specific for E. coli. In 1976, Killian and Bulow (5) described the association as 97%; and Feng and Hartman described it as 96% (3) . All Escherichia spp. other than E. coli are phenotypically GUD-negative. Other Enterobacteriaceae with GUD activity are Shigella (40-60%), Salmonella (17-29%), and occasional strains of Citrobacter spp., and Hafnia spp. Several strains of Staphylococcus and Streptococcus, and a few other Gram-positive bacteria are also GUD positive. The low incidence of these organisms in food is not considered significant enough to compromise the GUD/MUG assay (6) . MUG reagent has been incorporated into several commercial methods and media. Venkateswaran et al. (7) compared several commercial kits and standard methods to enumerate E. coli, but none of the methods used E. coli (EC) medium with the addition of MUG.
Many of the foods tested at the U.S. Food and Drug Administration's Northeast Regional Laboratory do not produce gas in regular LST or fluorescence in LST-MUG at tested dilutions. The inclusion of an expensive reagent, MUG, at this stage of the procedure, is not always cost effective because many samples do not produce fluorescence, gas, or growth at the normally tested dilutions. Regular LST works as well and costs about one-fourth as much.
At present, the AOAC method of enumerating E. coli using LST-MUG is limited to frozen and chilled foods. For many nuts and other products stored at room temperature, almost all tubes are positive for gas in the primary LST medium and must be tested further, which is costly in time and materials. However, few of these samples are confirmed to contain E. coli.
This study evaluated the traditional LST method, the LST-MUG method, and a proposed method, which is a variation of these 2 methods. The proposed method uses the conventional LST medium (observing for gas) and EC medium with the addition of MUG (observing for fluorescence). Because many samples are negative in the primary medium (LST), very few would need further testing. Only the presumptive positive LST tubes (gas produced) would be transferred to EC-MUG, resulting in a more cost-efficient use of the expensive MUG reagent. Interference from the product would be minimal because only a loopful of the suspension would be transferred. A positive EC-MUG sample would most probably contain E. coli. The proposed method, using EC-MUG, would reduce the number of false positives, and consequently the time and expense of further testing. A variety of product types including tree nuts, nonmolluscan seafood, cheeses, and other FDA regulated products were included in this methods evaluation.
METHOD

Naturally Contaminated Food Products: Samples
Sample materials were those assigned for surveillance testing, and represented tree nutmeats, processed seafood, cheeses, and other regulated products tested for E. coli enumeration at the FDA's Northeast Regional Laboratory.
Preparation of Samples
The sample preparation varied with the sample type, and was performed as indicated by the AOAC and/or FDA testing programs. In accordance with AOAC Method 966.24 (8) , 50 g of nuts were shaken with 50 g Butterfield's buffer and distributed as described below. For all other products, 50 g were blended with 450 g Butterfield's buffer. Appropriate serial dilutions in buffer were distributed as described below to determine the E. coli MPN levels in the samples.
Methods To Be Evaluated
Method I: Bacteriological Analytical Manual (BAM; 2) in LST.-Portions (1 mL) of the sample dilutions, prepared as above, were seeded into 3 tubes of LST per dilution level and incubated at 35°C. The presence or absence of gas in the fermentation tubes was observed at 24 and 48 h. A loopful of culture from the presumptive positive tubes was transferred to tubes of EC medium, which were then incubated in a 45.5°C water bath, and observed at 24 and 48 h for gas. Levine's eosin-methylene blue (L-EMB) agar plates were streaked from gas producing tubes and incubated at 35°C for 24 h. Presumptive colonies were transferred to soybean-casein digest agar (SCDA) and tested by IMViC (indole-methyl red-Voges Proskauer-citrate), a traditional multitube biochemical test battery that takes 4 days to complete. Alternatively, biochemical testing was done by the VITEK GNI™ card (bioMerieux; AOAC Method 991.13; 9), a computer-based identification system that takes 1 day or less.
Method II: AOAC Method 988.19 (10) in LST-MUG.-Portions (1 mL) of the sample dilutions prepared as above were seeded into 3 tubes of LST containing the 0.5% MUG (LST-MUG) substrate and incubated at 35°C. Tubes were observed at 24 and 48 h for typical bluish fluorescence under long wavelength UV light. Samples from these presumptive positive tubes were streaked on L-EMB plates. After incubation at 35°C for 24 h, presumptive E. coli colonies were transferred to SCDA and tested by IMViC or VITEK for biochemical confirmation.
The UV source was a hand held UV lamp, 366 nm, 6 W (UVP, Upland, CA, Model UVL-56). The original UV bulb was a longwave lamp, active over a range of wavelengths. It did not excite the LST-MUG medium and was replaced with a bulb that was concentrated at the wavelengths of 365-366 nm. MUG-containing tubes were observed for fluorescence in the dark.
Method III: A proposed method using LST and EC-MUG.-Portions (1 mL) of each sample dilution prepared as above were seeded into 3 tubes of regular LST and incubated at 35°C. At 24 and 48 h, the tubes were observed for gas. A loopful of culture from each of the presumptive positive tubes was transferred to EC medium containing 0.5% MUG and incubated in a 45.5°C water bath. At 24 and 48 h the tubes were observed for typical bluish fluorescence under long wavelength UV light. The presumptive positives were streaked on L-EMB agar. After incubation at 35°C for 24 h, presumptive E. coli colonies were transferred to SCDA and tested by IMViC or VITEK for biochemical confirmation. (All media were from Difco Laboratories, Detroit, MI.)
Testing
For chilled and frozen foods, all methods were run simultaneously from the same dilution series within 15 min of initial dilution. The first stage of the 3 methods was performed in the same medium, LST-MUG with gas collecting tubes. In this stage, gas was observed for both the BAM-LST/EC assay (Method I) and the LST/EC -MUG assay (Method III). Fluorescence was observed in the fluid medium for the LST-MUG assay (Method II). Likewise, EC-MUG with gas collection tubes was used after gas was observed in the first stage. In the EC-MUG medium, gas was observed for Method I and fluorescence was observed for Method III. These combinations saved on time and materials and ensured that the same condition, presence or absence of E. coli in a tube, was evaluated by all methods (Figure 1 ). Because AOAC Method 988.19, utilizing LST-MUG, can only be used for frozen or chilled food products, prepared suspensions of room temperature products, such as tree nuts, were distributed into regular LST and into LST-MUG, and the 3 test methods followed ( Figure 2 ). 
Controls
As a control for the endogenous presence of GUD or native fluorescence in the product, 1 mL of the lowest dilution of each product was seeded into LST-MUG and held in the refrigerator; the next day, it was visually compared with the other tubes. Refrigeration should aid in minimizing the growth of any potential GUD positive bacteria that may be present in the sample and possibly interfere with the analysis. As cultural controls, a loopful of an overnight culture of E. coli, ATCC 25922; or Klebsiella pneumoniae, ATCC 13883, grown in soybean-casein digest broth (SCDB), was inoculated into the primary medium(a) and continued through each stage of each method.
Spiked Samples
Three products, a hard cheese, a soft cheese, and hazelnuts, were spiked with an 18 h/35°C SCDB culture of E. coli, ATCC 25922. This strain is gas-and fluorescence-positive in LST-MUG with gas collecting tubes. The culture was diluted in buffer to yield ca 10 1 (low), 10 2 (medium), and 10 3 (high) MPN/g product. Products were prepared as above, in duplicate with a buffer control. Following the testing protocol for chilled and frozen products, all methods were performed simultaneously in LST-MUG with Durham tubes (Figure 1) . Similarly, EC-MUG with gas collecting tubes was used after observation of gas in the LST-MUG. These combinations were used to ensure that the presence or absence of E. coli in a tube was evaluated equally by all 3 methods.
Results and Discussion
Naturally Contaminated Food Products
The enumeration of naturally occuring E. coli in 170 cheese samples, 40 frozen processed seafood samples, 10 frozen coconut juice samples, 210 tree nutmeats samples, and 30 other nonchilled, nonfrozen products was determined by the 3 methods.
Chilled and Frozen Products
Cheeses.-Using the classifications of the U.S. Department of Agriculture (11), we grouped 170 cheese samples made from cow, goat, sheep, and water buffalo milk as follows: Group 1-very hard for grating, e.g., Romano; 2-hard, e.g., Cheddar, Swiss; 3-semisoft ripened by bacteria, e.g., Munster; 4-semisoft ripened by bacteria and surface microorganisms, e.g., Limburger; 5-semisoft ripened principally by blue mold in the interior, e.g., Blue cheese; 6-soft ripened, e.g., Brie; and 7-soft unripened, e.g., Feta. For regulatory testing, cheeses are generally tested at dilutions of 10 -3 to 10 -5 (Table 1) . In this study, dilutions of 10 -1 and 10 -2 were also tested to produce more positive samples and better evaluate the 3 methods (Table 2) .
Sixteen Group 1 cheeses were tested. None were presumptive positive by Methods I, II, or, III at all dilutions tested (10 ) and the analyses were completed in 2 days. Thirty-four Group 2 cheeses were tested. At dilutions of 10 -3 -10 -5 , none of the cheeses were presumptive positive by Methods I, II, or III and analyses were completed in 2 days. At dilutions of 10 -1 -10 -2 , 5 of the 34 samples were presumptive positives, producing gas in LST-MUG medium (Methods I and III). Two of these samples were confirmed as contaminated with E. coli. By Method II, 3 samples were fluorescent positive in LST-MUG, and all were confirmed contaminated with E. coli. From one of these samples, a fluorescent positive/gas negative E. coli isolate was recovered, accounting for the higher number of confirmed positives by Method II versus Methods I and III. The confirmed positives from each of the 3 methods were obtained from the same samples and were detected at the same dilution levels. , 9 were presumptive positives, producing gas in the LST-MUG (Methods I and III). Two samples were confirmed to contain E. coli. By Method II, 3 samples were fluorescent positive in the LST-MUG, and 2 were confirmed to have E. coli. One sample contained Citrobacter sp., which was a false presumptive positive by Method II. Confirmed positives were obtained from the same samples, and were detected at the same dilution levels by the 3 methods.
In Group 4, 9 of the 12 samples were presumptive positives by Methods I and III at dilutions of 10 . Subsequently, all of these samples tested negative for gas and fluorescence by EC-MUG and the analyses were completed in 4 days. None of these 12 samples were presumptive positive by Method II at these dilutions; analyses of the samples by Method II were completed in 2 days. At dilutions of 10 , 10 of the 12 samples were presumptive positives, producing gas in the LST-MUG medium (Methods I and III). By Method I, 7 of these samples produced gas in the EC-MUG medium, and 6 were confirmed to contain E. coli. By Method III, 6 of the 7 EC-MUG, gas-positive samples produced fluorescence in the EC-MUG; they were also confirmed to contain E. coli. In 6 of the 12 samples, fluorescence was produced in the LST-MUG and they were confirmed positive by Method II. By all three methods, the confirmed positives were detected at the same dilution levels from the same samples. . All of these samples were negative for gas and fluorescence in the EC-MUG (Methods I and III, respectively) and these analyses were completed in 4 days. None of the 14 samples were presumptive positive by Method II at these dilutions and Method II was completed in 2 days. At dilutions of 10 . They were negative for gas and fluorescence in EC-MUG, and these analyses were completed in 4 days. None of the 26 samples were presumptive positive at these dilutions by Method II, which was completed in 2 days. At dilutions of 10
, 13 of the 26 samples were presumptive positives, producing gas in the LST-MUG (Methods I and III) and 6 of these were confirmed to harbor E. coli. By Method III, 6 of the 26 samples produced fluorescence in the EC-MUG, and they were confirmed to have E. coli. By Method II, 6 of 26 samples were fluorescent positive in the LST-MUG and were confirmed positive. The confirmed positives from each of the methods were obtained from the same samples and were detected at the same dilution levels.
Thirty Group 7 cheeses were tested. At dilutions of 10 , 8 samples were presumptive positives, producing gas in the LST-MUG (Methods I and III). By Method I, 3 of these samples produced gas in the EC-MUG medium and 2 were confirmed to contain E. coli. By Method III, 2 of the 8 presumptive positives produced fluorescence in the EC-MUG, and they were confirmed positive. By Method II, 2 of the initial 30 samples were fluorescent positive in the LST-MUG and were confirmed as positives. The confirmed positives from each of the methods were detected at the same dilution levels from the same samples.
Frozen processed seafood.-Thirty samples of imported processed seafood (pasteurized crabmeat and frozen fishcakes) were tested; they were all negative for gas and fluorescence in the LST-MUG (Methods I, II, and III) at dilution levels of 10 -1 -10 -4 and were completed in 2 days. In 10 samples of a separate batch of frozen fishcakes, none were positive for fluorescence in LST-MUG, and Method II was completed in 2 days. However, 8 of the 10 fishcake samples were positive for gas, and Methods I and III needed to be continued. In Methods I and III, the EC-MUG medium was negative for gas and fluorescence, and was completed in 4 days (Table 3) .
Frozen coconut juice.-Ten samples were negative for gas and fluorescence in LST-MUG medium at dilutions of 10 -1 and 10 -4 , and Methods I, II, and III were completed in 2 days (Table 3) . . Two of these samples were confirmed as positives at this dilution level by the 3 test methods. In the nut samples that tested negative for the presence of E. coli, none were fluorescent positive in the LST-MUG medium, and Method II was completed in 2 days. By Methods I and III, 86 samples were gas positive in the primary medium, regular LST, and needed to be continued. By Method I, 6 were gas positive in EC medium, but only 2 were positive upon biochemical testing (10 days for completion). By Method III, 4 were fluorescent positive in the EC-MUG medium; Method III was completed in 10 days (Table 4) .
Other Products
Twenty samples of dried coconut flakes tested negative for E. coli by all 3 test methods at dilutions of 10 . By Method II, none of the samples were fluorescent positive in LST-MUG, and Method II was completed in 2 days. By Methods I and III, 16 samples were positive for gas in the LST medium and needed to be continued. By Method III, all samples were negative for fluorescence in the EC-MUG medium, and Method III was completed in 4 days. By Method I, 14 samples were positive for gas in regular EC medium and needed to be continued. Three samples needed 10 days for completion of biochemical testing (Table 4) .
Ten samples of pumpkin seeds were tested at dilutions of 10 0 -10 -3 , and found to be positive for E. coli. These 10 samples were distributed into 120 regular LST tubes and all were found to be positive for gas. These samples were continued by Methods I and III. By Method I, 106 tubes of regular EC medium were positive for gas and needed to be continued; 69 were confirmed to contain E. coli. By Method III, 69 EC-MUG tubes needed to be continued; all positive EC-MUG tubes were confirmed to contain E. coli. By Method II, 67 fluorescent positive LST-MUG tubes needed to be continued. All positive LST-MUG tubes were confirmed biochemically to contain E. coli. The product was positive for E. coli at the same dilution level using the 3 test methods in 8 of the 10 samples. In the 2 samples that differed among Methods I, II, and III, different aliquots of the initial dilution were distributed into the regular LST and the LST-MUG tubes, and, thus, the difference may be stochastic (Table 4) .
Controls
No autofluorescence was visually observed in any of the food products tested.
Spiked Samples
Three products, a hard cheese, a soft cheese, and hazelnuts were spiked with E. coli and were tested by the 3 methods. For each spiking level for product and control, the results from Methods I, II, and III were identical. According to the BAM (2), for each related series, the outcomes were within the 95% confidence limits of each other ( Table 5 ).
The method of choice for testing these commodities appears to depend on the commodity itself. If a product has a history of E. coli and lactose fermenting organisms being undetected at the dilution levels tested, Method III would be a good choice. Such products would include several cheese types (Groups 1-3, and 7) , and many processed seafood samples. With most of the food samples that were tested, gas was seldom detected in the less expensive regular LST medium, and few samples needed to be continued past the 2 days of incubation in the primary medium. If gas is produced and the sample is presumptive positive in the LST medium, EC-MUG is an effective secondary medium. No false positives or false negatives were noted in this medium. If a sample was positive for fluorescence in EC-MUG, it was always confirmed as positive for E. coli by subsequent biochemical testing. If the EC-MUG test was fluorescent negative, the sample was negative for E. coli at 4 days or less. This is in contrast to Method I, where many samples were positive for gas in the secondary medium and needed to be continued, but yielded negative biochemical tests for E. coli after 10 days. This process is costly in time and materials. Method II, using LST-MUG, would be the method of choice for other commodities that have a history of being E. coli positive and/or having coliforms as background flora. These commodities include tree nutmeats, pumpkin seeds, and Group 4-6 cheeses. A negative sample would probably be completed at 2 days, and seldom would the primary medium be continued if the sample was not positive for E. coli. This would represent a substantial saving in time and expense. It is apparent from these studies that presumptive positives found from gas analysis are far less reliable for confirmation of the presence of E. coli than those initially detected by fluorescence.
With spiked samples, the results from each of these methods were identical. Methods I, II, and III were consistent in enumerating E. coli. The naturally contaminated products confirmed what was observed in the spiked series.
